Amplification of MYCN occurs commonly in neuroblastoma. We report that phosphatidylinositol 3-kinase (PI3K) inhibition in murine neuroblastoma (driven by a tyrosine hydroxylase-MYCN transgene) led to decreased tumor mass and decreased levels of Mycn protein without affecting levels of MYCN mRNA. Consistent with these observations, PI3K inhibition in MYCN-amplified human neuroblastoma cell lines resulted in decreased levels of Mycn protein without affecting levels of MYCN mRNA and caused decreased proliferation and increased apoptosis. To clarify the importance of Mycn as a target of broad-spectrum PI3K inhibitors, we transduced wildtype N-myc and N-myc mutants lacking glycogen synthase kinase 3B phosphorylation sites into human neuroblastoma cells with no endogenous expression of myc. In contrast to wild-type N-myc, the phosphorylation-defective mutant proteins were stabilized and were resistant to the antiproliferative effects of PI3K inhibition. Our results show the importance of Mycn as a therapeutic target in established tumors in vivo, offer a mechanistic rationale to test PI3K inhibitors in MYCN-amplified neuroblastoma, and represent a therapeutic approach applicable to a broad range of cancers in which transcription factors are stabilized through a PI3K-dependent mechanism. (Cancer Res 2006; 66(16): 8139-46) 
Introduction
Neuroblastoma, a tumor of peripheral neural crest origin, is the most common extracranial solid tumor of childhood and the third most common pediatric cancer, causing 8% to 10% of all infant malignancies and 15% of cancer-related deaths in children (1) . Approximately half of patients present with high-risk disease characterized by unresectable primary lesions and multiple metastases (1) . These patients have resisted improvements in multimodal therapy, which in most high-risk patients is complicated by eventual relapse (2) .
One third of neuroblastoma tumors show amplification of MYCN, a mutation linked to aggressive biological behavior and poor clinical outcome. Amplification of MYCN correlates with increased metastases and chemotherapy resistance (3, 4) . Neuroblastoma cell lines with amplification of MYCN show increased proliferation, down-regulation of angiogenesis inhibitors, inhibition of terminal differentiation, and increased invasive potential (5) (6) (7) (8) (9) (10) (11) (12) . That amplification and overexpression of MYCN play a critical role in the malignant progression of neuroblastoma is further supported by observations that a tyrosine hydroxylase-MYCN (TH-MYCN) transgene targeted to the murine peripheral neural crest led to tumors with biological and genetic features of high-risk neuroblastoma (13) (14) (15) .
Given the prominent role of MYCN amplification in high-risk neuroblastoma and the limited expression of this gene in other postnatal tissues (16) (17) (18) , Mycn (protein) represents an ideal candidate for targeted therapy. The ability to inhibit Mycn in patients, however, still presents a formidable challenge. In contrast to small-molecule inhibitors of kinases active in cancer, there is little precedent for orally available small molecules that selectively target transcription factors.
We report here that small-molecule inhibitors of phosphatidylinositol 3-kinase (PI3K) signaling blocked growth of neuroblastomas in mice transgenic for TH-MYCN and induced cell cycle arrest and apoptosis in human neuroblastoma cells amplified for MYCN. We show that Mycn protein is stabilized through PI3K signaling and that inhibition of PI3K represents an effective strategy to promote degradation of Mycn protein in vivo and in vitro. These results confirm the importance of Mycn as a therapeutic target in neuroblastoma and suggest that small-molecule inhibitors of PI3K are worthy of further evaluation in clinical trials.
Materials and Methods
In vivo therapy in mice transgenic for TH-MYCN. Animals with palpable tumors (f60 days of life) were treated daily with i.p. injections of LY294002 (50 mg/kg in 100 AL DMSO) or vehicle (DMSO) for 12 days. At sacrifice, tumors were excised, measured, weighed, and snap frozen. Tumors were homogenized in TBS with protease inhibitors (Compleat, Roche, Inc., Indianapolis, IN) and lysed as detailed below. Significance analysis was done using the Student's t test. All animals were handled in accordance with institutional guidelines for safe and ethical treatment of mice.
Immunoblotting and immunoprecipitation. For immunoblotting, cells were suspended in nondenaturing lysis buffer (Cell Signaling Technology, Danvers, MA) with 0.5% SDS. Lysates were sonicated and cleared at 14,000 Â g at 4jC. Protein content was assayed by BCA method (Pierce, Rockford, IL), and protein (20-40 mg) was analyzed on 4% to 12% gradient denaturing gels (Invitrogen, Carlsbad, CA). Membranes were incubated overnight at 4jC with primary antibodies [Mycn (Calbiochem, San Diego, CA), phosphorylated T58 c-myc (Cell Signaling Technology), phosphorylated S473 Akt (Cell Signaling Technology), Akt (Cell Signaling Technology), phosphorylated glycogen synthase kinase 3h (GSK3h; Cell Signaling Technology), and h-tubulin (Upstate, Charlottesville, VA)] and then developed using horseradish peroxidase-conjugated secondary antibodies (Calbiochem) and Enhanced Chemiluminescence Plus reagents (Amersham, Pittsburgh, PA). Cycloheximide pulse-chase studies were used to evaluate Mycn protein half-life in the absence of new protein synthesis. Cells were pretreated with LY294002 at various doses. At prescribed intervals, 25 Amol/L cycloheximide was added in pulses of 15 minutes to 6 hours. Cell lysates were then prepared for immunoblotting.
Cell culture and reagents. SH-SY5Y, LAN-1, Kelly, SK-N-SH, and SHEP neuroblastoma tumor cell lines were obtained from the University of California at San Francisco Cell Culture Facility (San Francisco, CA) and from the American Type Culture Collection (Manassas, VA). KCNR cells were generously provided by Pat Reynolds (Children's Hospital, Los Angeles, CA) and Tet21/N cells (19) were a gift from Jason Shohet (Baylor University, Houston, TX). Cells were grown in RPMI or DME with 10% fetal bovine serum (FBS). In some experiments, cells were synchronized by serum starvation in 0.2% FBS for 24 hours before analysis. Where indicated, cells were treated with recombinant human insulin-like growth factor-I (IGF-I; Calbiochem) at 20 to 40 ng/mL for 1 to 6 hours before harvesting. LY294002 (LC Labs, Woburn, MA) was dissolved at 10 to 20 mmol/L in DMSO and stored at À20jC. Lactacystin and GSK inhibitor II were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cycloheximide was purchased from Sigma (St. Louis, MO). GSK3h small interfering RNA (siRNA) was from Ambion (Austin, TX). Transient transfection of constructs wild-type or mutant for N-myc (Fig. 4) was done using LipofectAMINE 2000 (Invitrogen) in six-well plates. Proteins were harvested at 48 hours.
Proliferation, toxicity, apoptosis assays, and flow cytometry. Assessment of cell growth and proliferation was done by hemacytometer and trypan blue exclusion analysis and by water-soluble tetrazolium (WST-1) 96-well spectrophotometric assay (Roche). In this assay, A 450 nm -A 690 nm is proportional to secreted WST-1 activity and proliferation. Maximal absorbance and linearity of the assay was calibrated to cell numbers of 20 to 60,000. Cell necrosis and apoptosis (Figs. 3 and 4) were assessed using a Cell Death Detection ELISA (Roche) that detects intracellular (apoptosis) or released (necrosis) nucleosome-associated histone H2b DNA. Background values were corrected for vehicle (DMSO) control, which in no case exceeded 2% of the total assay value. Cells were plated in 10% FBS at 20 to 60,000/mL in 96-well microplates and assayed at 6 to 24 hours using a Synergy HT-1 multiplate spectrophotometer/luminometer (Bio-Tek, Winooski, VT) at a sensitivity setting of 155, with automatic background correction to the reference wavelength. For the histone ELISA, the readout was A 405 nm -A 490 nm . Percent toxicity was standardized to the effect of Triton X-100 as a positive control (0-100 Amol/L) with maximal toxicity defined as the plateau absorbance.
Apoptosis was also assessed by terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL) staining using a DEADEnd fluorometric assay kit (Promega, Madison, WI). Cells were plated on coverslips at 50% density and assayed at 24 hours in 10% FBS. For three separate experiments, Ps were derived from NIH Image spot counts of five high-power fields. The mean difference was calculated using the Student's t test. Values were standardized to the maximal effect of camptothecin (5 g/mL). An alternate apoptosis assay used fluorometric detection of an enzymatic substrate specific for cleaved caspase-3 (Caspoglow fluorometric assay kit, Biovision, Mountain View, CA). Cells were plated at 75% density in 24-well plates and grown in 10% FBS. Caspase-3 activity was detected 6 hours after LY294002 treatment according to manufacturer's instructions.
Bromodeoxyuridine (BrdUrd) incorporation in transfected SHEP cells was assessed by flow cytometry. SHEP cells were transfected with N-myc constructs or a pWZL-GFP control vector for 24 hours. After drug treatments, cells were pulsed with 25 Ag BrdUrd/mL (2 hours), fixed in 40% ethanol, treated with 2 N HCl, incubated with FITC-conjugated anti-BrdUrd (PharMingen, San Diego, CA), and analyzed by flow cytometry using a FACScan with CellQuest acquisition software (Becton Dickinson, San Jose, CA). Each experimental value represents the average of three separate data points per experiment, and data are normalized to incorporation of BrdUrd by a control transfected pWZL-GFP plasmid ( fold = 1).
Real-time PCR analysis. Expression of MYCN mRNA was analyzed quantitatively in neuroblastoma cell lines and murine tumors using an ABI7700 Prism instrument as described (20) . RNA was prepared using RNeasy mini kits (Qiagen, Valencia, CA), incorporating a QIAshredder step for the murine tumors. Fluorogenic probes for MYCN and h 2 -microglobulin were 5 ¶-CGCTTCTCCACAGTGACCACGTCG-3 ¶ and 5 ¶-TGCCTGCC-GTGTGAACCATGTGAC-3 ¶, respectively. Gene-specific probes for MYCN mRNA were forward 5 ¶-CGACCACAAGGCCCTCAGTA-3 and reverse 5 ¶-CAGCCTTGGTGTTGGAGGAG-3 ¶. Relative expression of MYCN was derived from log 2 ratios of the C t values compared with a h 2 -microglobulin control and computed as fold differences between the two values. MCM7 probes were from ABI (Foster City, CA). Fluorogenic probe for MDM2 was 5 ¶-CAGTGAATCTACAGGGACGCCATCGAAT-3 ¶. Gene-specific probes for MDM2 were forward 5 ¶-GCCTGGCTCTGTGTGTAATAAGG-3 ¶ and reverse 5 ¶-TGAATCCTGATCCAACCAATCA-3 ¶. Assay controls and method were as described above.
Results
PI3K blockade inhibits growth of established neuroblastoma tumors in vivo. We used the PI3K inhibitor LY294002 to treat murine neuroblastoma driven by a TH-MYCN transgene (13) . Animals with established tumors were treated with LY294002 (n = 7) or DMSO vehicle (n = 6) daily for 12 days and then sacrificed (Fig. 1A) . Tumor mass in animals treated with LY294002 was decreased significantly in comparison with vehicle controls (P = 0.006). Levels of Mycn and phosphorylated Akt (pAkt) proteins were much lower in treated animals relative to vehicle controls (Fig. 1B) . The small decrease in MYCN mRNA levels in LY294002-treated tumors (Fig. 1C) was not significant statistically [43.4% versus 38.7% relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression; m 2 = 0.138; P V 1], suggesting that PI3K inhibition blocked MYCN at a post-transcriptional level. Representative images of vehicle and LY294002-treated tumors are shown in Fig. 1D and E. Collectively, these data show that PI3K blockade affects Mycn protein and that this therapy can arrest growth of established tumors in vivo.
Inhibition of PI3K decreases Mycn in human neuroblastoma cells. To establish the relevance of this approach to human neuroblastoma, we tested the effect of LY294002 in three human neuroblastoma cell lines (Fig. 2) . Kelly and LAN-1 are MYCNamplified cell lines expressing high levels of Mycn protein. Tet21/N is an established line stably transfected with a MYCN expression construct, in which addition of doxycycline blocks transcription of MYCN (19) . SH-SY5Y is a derivative of SK-N-SH, expressing highlevels of Mycn, and is unique in its ability to survive under serumfree conditions (21) . This line was used to assess the effect of LY294002 in serum-starved cells, where addition of IGF-I is known to induce increased levels of Mycn protein (22) .
First, we showed that LY294002 treatment, at doses that blocked activation of pAkt ( Supplementary Fig. S1A ), reduced steady-state levels of Mycn protein ( Fig. 2A ). Cells were grown in 10% FBS, and levels of Mycn protein were assessed 24 hours after addition of LY294002 (20 Amol/L). Figure 2B shows that under these treatment conditions mRNA expression was not significantly altered, arguing that LY294002 treatment blocks MYCN post-transcriptionally. Collectively, these data show that LY294002 treatment reduces steady-state levels of Mycn protein. To verify that Mycn degradation affected known transcriptional targets, we showed that LY294002-mediated decreases in Mycn protein were associated with concomitant decreases in the levels of two established Mycn targets, MDM2 (23) and MCM7 (24) . In Kelly cells grown and treated under the same experimental conditions as in Fig. 2A , mRNA levels for both targets were decreased by treatment with LY294002 (20 Amol/L for 24 hours; Fig. 2C ). Similar data were shown for LAN-1 and SH-SY5Y cells (data not shown).
We next showed that LY294002 blocked the increase in Mycn protein levels observed after addition of IGF-I (in serum-starved SH-SY5Y cells). Control cells treated with IGF-I showed a 4-fold increase in Mycn protein at 6 hours ( Supplementary Fig. S1B , lane 2), likely a combined result of stimulation of new protein synthesis and PI3K-mediated stabilization of Mycn protein.
Treatment with LY294002 blocked this increase (compare lanes 1 and 3), with no effect on levels of MYCN mRNA by Taqman analysis (data not shown).
PI3K blockade inhibits neuroblastoma cells. Having established that PI3K inhibition leads to decreased levels of Mycn protein, we next examined the effect of this treatment on the accumulation of viable cells. The effects of LY294002 are likely to proceed through both Mycn-dependent and Mycn-independent pathways. We therefore assessed the effect of PI3K inhibition in MYCN-amplified neuroblastoma cells and in neuroblastoma cell lines expressing little or no Mycn protein. LY294002 reduced the accumulation of viable cells in the MYCN-amplified neuroblastoma cell lines LAN-1, Kelly, and KCNR (at 24 hours) in a dose-dependent manner (Fig. 3A) . The inhibitory effects of LY294002 were pronounced in the two cell lines, showing amplification of MYCN, and were less prominent in the neuroblastoma line SK-N-SH, which is diploid for MYCN and expresses low levels of Mycn protein (Fig. 3A) .
To address the effect of PI3K blockade over time (3 days), we studied the MYCN-amplified neuroblastoma cell line Kelly, which expresses high levels of Mycn. LY294002 treatment of Kelly cells led to decreased accumulation of viable cells in comparison with vehicle control (Fig. 3B) . The PI3K inhibitor wortmannin had the same effect in a dose-dependent manner (Fig. 3C) . Because wortmannin has a short half-life in tissue culture medium (25) , inhibitory effects were observed only on dosing twice daily (Fig. 3C) , a requirement that may explain why wortmannin dosed once daily failed to inhibit IGF-I-mediated induction of Mycn in long-term assays (26) .
To further distinguish Mycn-dependent and Mycn-independent effects of PI3K inhibition, we analyzed Tet21/N cells, in which MYCN expression is controlled transcriptionally by the tetracycline system (19) . In the absence of doxycycline, Tet21/N cells expressed high levels of Mycn (Fig. 3D) and showed increased accumulation of viable cells (Fig. 3D, red curve) . Treatment of Mycn-expressing Tet21/N cells with LY294002 caused a marked decrease in accumulation of viable cells (Fig. 3D, orange curve) . Doxycycline blocked transcription of Mycn (Fig. 3D) , leading to decreased accumulation of viable cells, which was only slightly enhanced by LY294002 (Fig. 3D , compare blue and green curves). These data show that inhibition of PI3K is most effective in the presence of high levels of Mycn protein.
PI3K blockade induces apoptosis of neuroblastoma cells. Because apoptosis could contribute to the decreased accumulation of viable cells and because inhibition of PI3K may increase the susceptibility of neuroblastoma cells to apoptosis (27) , we next = 100% apoptosis) . B, as an independent measure of apoptosis, adherent LAN-1 neuroblastoma cells were examined by cell death detection ELISA at 24 hours as a function of LY294002 dosage. C, to assess toxicity of LY294002 treatment, Kelly cells were treated with LY294002 at doses indicated. DNA release into the culture medium was assessed at 24 hours using a dual-antibody ELISA to histone H2b to assay for cellular necrosis. Toxicity of LY294002 was detected above a dose of 25 Amol/L. Average of three separate experiments.
examined showed that inhibition of PI3K led to apoptosis. MYCN-amplified LAN-1 cells treated with LY294002 underwent a substantial increase in TUNEL positivity (P = 0.011), a measure of apoptosis (Fig. 4A) . To confirm this result, we examined apoptosis using an ELISA that detected fragmented, nucleosomal DNA. This assay also showed increased levels of apoptosis as a function of LY294002 dosage (Fig. 4B) . To exclude the possibility that nonspecific toxicity of LY294002 could be contributing to apoptosis or proliferation block, we did a histone H2b necrosis ELISA on adherent neuroblastoma cells after treatment with LY294002, showing nonspecific toxicity only at doses of LY294002 greater than 25 Amol/L (Fig. 4C, solid circles and line) .
PI3K blockade activates GSK3B, leading to phosphorylation and destabilization of Mycn. Stabilization of Mycn protein may contribute to rapid progression in neuroblastoma tumors diploid for MYCN (28) . Phosphorylation of Mycn represents an attractive mechanism through which tumor cells might stabilize Mycn, as during development of the cerebellum Mycn is phosphorylated by GSK3h and subsequently destabilized (29, 30) . PI3K activates Akt, which in turn phosphorylates GSK3h, thereby negatively regulating its activity (31) . Consistent with this model, Kelly neuroblastoma cells (grown in serum) showed high levels of pAkt and low levels of phosphorylated Mycn (pMycn). Subsequent treatment with LY294002 led to decreased levels of pAkt and increased levels of pMycn (Fig. 5A) . We showed comparable results in the human neuroblastoma cell line SH-SY5Y (Fig. 5B) . SH-SY5Y cells treated with IGF-I again showed high levels of pAkt, low levels of pMycn, and high levels of total Mycn. Treatment of these cells with the PI3K inhibitors LY294002 or wortmannin led to increased levels of pMycn and decreased levels of total Mycn (Fig. 5B) .
To show that phosphorylation and stabilization of Mycn are mediated by the activity of GSK3h, we treated Kelly cells using a small-molecule inhibitor of GSK3h (30) , which led to increased levels of Mycn (Fig. 5C ). To clarify that the accumulation of Mycn protein resulted from decreased phosphorylation, we used a siRNA directed against GSK3h. siRNA treatment led to reduced levels of total GSK3h, a concomitant reduction in Mycn phosphorylation, and increased levels of total Mycn (Fig. 5D) . Collectively, these data argue that blockade of PI3K signaling leads to phosphorylation and destabilization of Mycn in part through activating GSK3h.
Efficacy of PI3K blockade in neuroblastoma cells results primarily from Mycn phosphorylation, leading to destabilization. To assess the effect of LY294002 in a setting where N-myc phosphorylation (and destabilization) is not influenced by PI3K signaling, we transduced SHEP cells (in which Mycn is undetectable) with vector, wild-type N-myc, or the N-myc phosphorylationdeficient mutants N-myc:T50A (T50A) or N-myc:S54A (S54A). The stability of these proteins, which lack NH 2 -terminal GSK3h phosphorylation sites, is not affected by PI3K activation or blockade (30) .
SHEP lines expressing phosphorylated mutants of N-myc displayed enhanced growth in serum over several days (Fig. 6A) . To clarify that this accumulation of viable cells was due to increased proliferation, we did a short-term BrdUrd incorporation assay. In this experiment, phosphorylated mutants of N-myc showed increased incorporation of BrdUrd and were resistant to the inhibitory effects of LY294002 (Fig. 6B) . Treatment of vectortransduced SHEP cells with LY294002 led to a modest reduction in incorporation of BrdUrd. Transduction of wild-type N-myc led to increased of incorporation of BrdUrd (Fig. 6B) . Subsequent treatment of SHEP:N-myc cells with LY294002 caused a substantial decrease in proliferation to levels comparable with those in LY294002-treated cells transduced with vector alone.
SHEP cells transduced with T50A or S54A showed increased proliferation in comparison with wild-type N-myc and were resistant to the antiproliferative effects of LY294002. Importantly, SHEP cells expressing wild-type N-myc showed marked apoptosis in response to LY294002 treatment, suggesting induction of apoptosis as a significant mechanism contributing to the efficacy of LY294002-mediated blockade of N-myc. Phosphorylated mutants of N-myc were also less sensitive to the apoptosis-inducing effects of LY294002 (Fig. 6C) . That phosphorylated specific mutants of N-myc are both proliferation proficient and apoptosis defective is consistent with recent observations describing an analogous phosphorylated mutant of c-myc (32) . Although SHEP cells do not readily xenograft, we hypothesized that cells expressing phosphorylated mutants of N-myc might show increased efficiency of xenograft formation. Although initial xenograft tumor growth was more efficient for both phosphorylated mutants than it was for N-myc, none of these SHEP cell lines fully established as xenografts (data not shown). Immunoblots show increased levels of pMycn and decreased levels of pAkt. B, serum-starved SH-SY5Y cells were treated for 6 hours with vehicle (V ; DMSO), LY294002, or wortmannin in the presence of IGF-I and lactacystin. IGF-1 led to increased levels of pAkt. LY294002 and wortmannin blocked pAkt, resulting in increased levels of pMycn and decreased levels of total Mycn. C, chemical inhibition of GSK3h (SH-SY5Y cells, GSK inhibitor II) led to an increase in the level of total Mycn protein. D, siRNA-mediated inhibition of GSK3h leads to reduced levels of pMycn and increased levels of total Mycn, consistent with GSK3h as the kinase that directly phosphorylates and destabilizes Mycn. Kelly cells growing in serum were transiently transfected with siRNA directed against GSK3h or a scrambled siRNA control (S). Levels of GSK3h, pGSK3h, Mycn, and pMycn were assessed at 24 hours.
Data presented in Fig. 6A to C suggest that phosphorylated mutants of N-myc showed increased stability compared with wildtype N-myc (even in the absence of PI3K inhibition) and that these mutant proteins were in addition resistant to degradation mediated by LY294002. To validate these observations biochemically, we did immunoblots, showing that SHEP cell lines harboring stably expressed N-myc phosphorylated mutants expressed higher total levels of N-myc and reduced levels of phosphorylated N-myc in comparison with wild-type N-myc protein (Fig. 6D) .
PI3K blockade reduces the half-life of Mycn protein.
To directly address the effect of PI3K inhibition on the stability of Mycn protein and the role of the T50 and S54 phosphorylated residues in this process, we tested the stability of wild-type and phosphorylated mutant myc proteins using cycloheximide to assess protein half-life in the absence of new protein synthesis. First, we showed that treatment with LY294002 led to a decrease in the half-life of Mycn protein (Fig. 7A) . Kelly cells were grown in the presence of 10% FBS and were pretreated with LY294002 (20 Amol/L) or vehicle for 24 hours. Cells were then treated with cycloheximide and harvested at the time points shown (after cycloheximide). In control cells (no LY294002), Mycn protein was undetectable 4 hours after addition of cycloheximide (t 1/2 , 2.3 hours). In cells treated with LY294002, Mycn was rapidly degraded and was undetectable 2 hours after addition of cycloheximide (t 1/2 , 1.2 hours). These data show that blockade of PI3K led to a reduction in the half-life of wild-type Mycn protein, although it remains possible that other mechanisms also contributed to the decreased levels of Mycn seen in LY294002-treated cells ( Fig. 2A) .
Next, to verify that destabilization depends on phosphorylation at T50A and S54A, we compared the half-life of N-myc, N-myc:T50A, and N-myc:S54A proteins stably expressed in SHEP cells and treated with LY294002 for 24 hours before the addition of cycloheximide (Fig. 7B ). In comparison with wild-type N-myc, both mutants were profoundly resistant to the destabilizing effects of LY294002 (t 1/2 , N-myc, 1.2 hours; N-myc:T50A, 6.5 hours; N-myc:S54, >9 hours). Collectively, these data argue that the effect of LY294002 treatment on MYCN-driven neuroblastoma proceeds primarily through phosphorylation and subsequent destabilization of Mycn protein.
Discussion
In this report, we show that PI3K inhibition represents an effective preclinical therapy for neuroblastoma and that the efficacy of this therapy occurs in part through destabilization of Mycn protein. Although PI3K inhibitors potentially act through both Mycndependent and Mycn-independent pathways, we provide several lines of evidence, indicating that degradation of Mycn represents a key target of PI3K inhibition. First, we showed that PI3K inhibition in murine neuroblastoma driven by a MYCN transgene led to decreased tumor mass and decreased levels of Mycn protein without significantly affecting levels of MYCN mRNA. Second, we showed that LY294002 therapy was most effective in human neuroblastoma cell lines with high levels of Mycn even when comparing isogenic cell lines that differed only in levels of expression of Mycn. Finally, we transduced human neuroblastoma cells with alleles of N-myc that could not be phosphorylated and degraded in response to PI3K inhibition. The efficacy of PI3K inhibition was dramatically reduced in these phosphorylation-defective mutants and was associated with marked stabilization of Mycn protein. Collectively, these data suggest that Mycn protein represents a critical therapeutic target in neuroblastoma cells treated with PI3K inhibitors.
Amplification of MYCN contributes prominently to neuroblastoma, is a strong independent predictor of poor patient outcome, and is therefore used to guide therapeutic decisions (6, (33) (34) (35) (36) . Although a large body of data supports a role for MYCN in the pathogenesis of neuroblastoma, few reports address the validity of Mycn protein as a therapeutic target in this disease. Inhibition of MYCN mRNA by antisense oligonucleotides (37) (38) (39) or as one effect of retinoic acid treatment (10) blocked proliferation and induced differentiation in neuroblastoma cells in vitro. Continuous delivery of antisense oligonucleotides against MYCN mRNA blocked development of tumors in mice transgenic for TH-MYCN. Our results extend these observations by showing that Mycn protein represents an important target for therapy of established neuroblastoma tumors in vivo.
The PI3Ks represent a diverse group of proteins. There are eight mammalian PI3Ks in three classes. All of these contain a catalytic p110 subunit, which in most cases heterodimerizes with a regulatory p85 subunit (reviewed in ref. 40) . The small-molecule p110 inhibitors LY294002 and wortmannin have been critical to our current understanding of PI3K signaling (41, 42) and have been the only tools available to analyze this pathway over the past 10 years. As a consequence of inhibiting all known PI3Ks and a large number of related proteins, LY294002 and wortmannin show significant toxicity. Although it would be interesting to test the effect of smallmolecule inhibitors of specific PI3K isoforms in this work, to more rigorously exclude nonspecific effects of drugs, such as LY294002, such reagents are only now becoming available. Several newer PI3K inhibitors that block specific isoforms of p110 should be better tolerated clinically and are now being developed and tested (43) . The characterization of these molecules and the effect they have on different types of cancer should ensure the application of this promising therapeutic approach to patients with malignancies driven by PI3K activation.
The apparent stabilization of transcription factors through PI3K and downstream mediators affects a growing number of transcription factors, including h-catenin, Snail, Bcl-3, c-myc, and Mycn (30, (44) (45) (46) (47) (48) (49) . That all of these transcription factors play a role in malignant progression of specific cancers suggests that PI3K activation may use a common GSK3h-dependent mechanism to stabilize and thereby activate distinct transcriptional programs in different malignancies (37) . Our studies complement earlier work showing that activation of Ras signaling also affected the GSK3h-mediated stabilization of c-myc and Mycn proteins (49) (50) (51) . Importantly, these observations further suggest that inhibition of a single therapeutic target (PI3K) may be effective in a wide range of malignancies. The efficacy of PI3K inhibition presumably acts through blockade of transcriptional and cell cycle regulatory programs that may be unique to each cancer but are regulated by a common mechanism. The application of this therapy to children with neuroblastoma represents a promising approach to this common and generally lethal neoplasm.
